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ABSTRACT
THE EFFECTS OF SNOWMELT PERCOLATION ON
STRATIFIED POLLEN RECORDS: A COOLER STUDY
by Michael Edward Ewing
May 2013
Temperate valley glaciers may contain unique paleoecological records
with the possibility of very high-resolution pollen analysis. However, little is
known about the effects of meltwater percolation on pollen found in snow and
glacial ice. Previous studies have suggested that pollen is relatively impervious
to meltwater percolation due to grain size and, thus, resists transport. However,
investigations on McCall Glacier in the Brooks Range of northeast Alaska reveal
a disparity between the large amounts of pollen in the surface snow and firn , and
dearth of pollen in the glacial ice core samples. The purpose of this study is to
investigate if meltwater percolation can effectively transport pollen in a way that
results in reduced pollen concentrations in deeper layers of the glacier. To do
this, an experiment was conducted in Fairbanks, Alaska from February 28-March
2, 2012 using nine Styrofoam coolers filled with natural snow accumulation. The
coolers were stratified into three groups: Snow/Flat (SF), Snow/Tilted (ST), and
Ice/Tilted (IT). All coolers were spiked at the surface with 104,242 Lycopodium
marker spores, melted to two-thirds the original volume, and the remaining snow
profile was sampled in 5cm increments (except the IT stratum) and tested for
spore concentrations. Meltwater was collected throughout the process and
examined. Results indicate both strong vertical and horizontal spore transport
ii

due to meltwater percolation. Peak spore concentrations occurred in the bottommost snow layers and/or meltwater in eight of nine coolers, and provide evidence
of effective transport of pollen via meltwater percolation and runoff.
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CHAPTER I
INTRODUCTION
Fossil pollen are direct biological links to past environments and, thus,
theoretically can be used in a variety of research genres, including historical and
paleoecology (i.e., reconstructing plant assemblages) (e.g., Lichti-Fedorovich
1975a; McAndrews 1984; Short and Holdsworth 1985; Bourgeois et al. 2000),
climate change (i.e., vegetation responses to climate change) (e.g., Liu, Reese,
and Thompson 2005), and atmospheric circulation research (i.e., back-tracing
pollen to its source region to reveal atmospheric circulation patterns) (e.g.,
Bourgeois, Koerner, and Alt 1985; Short and Holdsworth 1985; Bourgeois,
Gajewski, and Koerner 2001; Reese and Liu 2002; Reese, Liu, and Mountain
2003; Reese and Liu 2005; Liu, Reese, and Thompson 2007; Herreros et al.
2009). However, before utilizing fossil pollen as representations of past
environments, an understanding of modern processes (i.e., stratigraphy
formation-transport, deposition, entrainment, post-depositional processes) within
the various stratigraphic records (e.g., snow/ice, sediment) is vital for accurate
interpretation.
Modern pollen process studies in the high Arctic of Alaska are primarily
based on surficial sediment samples taken from lake bottoms (e.g., Anderson
and Brubaker 1986; Gajewski 2002; Oswald et al. 2003a; 2003b), as sediment
cores have been the popular medium for paleoecological reconstructions in the
area. Accordingly, biogeographical inquiries throughout the region have been
limited by the inherent coarse resolution of sediment cores. Thus, to sharpen the
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utility of palynology as a research tool in these areas, alternative records must be
explored .
Temperate valley glaciers may contain unique paleoecological records
with the possibility of high-resolution pollen analysis. To date, however, no
vegetation reconstructions have ever been successfully extrapolated from a
valley glacier ice core, because very little is known about modern pollen
deposition and entrainment in these environments. In contrast to palynological
work done on high-latitude and high-alpine ice caps (e.g., Bourgeois 1990; 2000;
Reese, Liu, and Mountain 2003; Reese and Liu 2002; 2005; Liu, Reese, and
Thompson 2005; 2007), valley glaciers are more dynamic environments and
thus, more complex. For example, current investigations on McCall Glacier in
the Brooks Range of northeast Alaska reveal a discrepancy between pollen
concentrations found in the air above the surface (i.e. , pollen trap collections), in
the surface snow pack and firn zone, and in the glacial ice itself. In general,
concentrations are highest in traps above the surface, second highest in the
snow and firn samples, and lowest in the glacial ice. Thus, in an effort to identify
where the pollen may be going, a melting experiment was conducted to see if
post-depositional processes, such as meltwater incursion, transport pollen. To
do so, spores were introduced to the surface of nine snow-filled coolers, which
were then melted and sampled to answer the following research questions:
1. How are ice core pollen records affected by meltwater percolation? Or
more directly, how does pollen move through melting snow?
2. Does meltwater percolation move pollen from the surface downward
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into deeper layers of the snow?
3. Does slope angle aid in the downhill transfer of pollen (horizontal
movement)?
4. Upon total melting of the previous year's accumulation, how does pollen
interact with an angled ice surface underneath (i.e., the surface of a glacier)?
Does pollen run off the surface with the meltwater or become entrained in/on the
ice?
The overarching objective of this research is to improve our understanding
of the way in which pollen moves through the melting snow pack at the surface of
a valley glacier, eventually forming the seasonal and annual layers found in the
ice. In 2008, Nakazawa and Suzuki found that pollen is concentrated at the
surface of a melting snow cover. As the snow melts, the pollen resists
movement and rides the deflating snow surface downward, concentrating the
pollen in the process. This lone paper is essentially the only attempt at
understanding vertical pollen movement through snow, a necessary first step in
understanding the organization or genesis of pollen layers within glacial ice.
However, Nakazawa and Suzuki (2008) did not directly investigate horizontal
relocation due to slope angle or the pollen concentrations of the meltwater.
Accordingly, this experiment addresses these concerns by investigating both
vertical and horizontal pollen transport, while also capturing the meltwater for

pollen analysis.
The answers to the aforementioned research questions will further
sharpen palynology as a tool for paleoecological research by providing crucial
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calibration information on the effects of meltwater percolation and slope on
stratified pollen records found in valley glacier ice cores. This modern-process
information has the ability to enhance the accuracy and validity of ice core
vegetation reconstructions extracted from valley glaciers, which is important
because high-Arctic ice caps are usually far from vegetation (pollen sources)
and , thus, produce low pollen concentrations. To the contrary, concentrations
are generally much higher on valley glaciers due to their close proximity to pollen
sources. Accordingly, if valley glaciers can be utilized for vegetation
reconstructions in the high Arctic, more spatial gaps will be filled with more
reliable pollen data. The results of this experiment also indirectly test the
resolution limits of valley glacier ice core records. For example, if pollen found in
the upper snow profile is being transported into deeper layers, then intra-annual
or seasonal resolution may not be possible to achieve.
Again, an understanding of modern pollen processes at the surface of
valley glaciers is paramount to the establishment of reliable modern analogs that
can be responsibly applied to historical ice core pollen records extracted from
valley glaciers.
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CHAPTER II
PREVIOUS WORK
Introduction
"Cryopalynology," or the study of palynomorphs found in ice and snow,
first originated in the European Alps and Alaska from the 1930s to the 1960s
(e.g., Vareschi 1935; Godwin 1949; Heusser 1954; Ambach, Bortenschlager, and
Eisner 1966). This relatively young subdiscipline of palynology has since
followed a discernable and logical geographic diffusion from its source region to
polar ice caps (e.g. , the high Arctic-Greenland, northern Canada, Russia,
Antarctica), the tropics (e.g. , South America, Himalayas), and most recently, midlatitude ice caps and temperate valley glaciers (e.g., Romanzof Mountains in the
Brooks Range, Altai Mountains). Accordingly, the contents of this literature
review are organized geographically and temporally, beginning in the European
Alps (1930s) and ending in the Mongolian/Russian Altai Mountains (201 Os). In
doing so, the aim is to objectively identify common threads and revelations
throughout the body of literature and identify unanswered questions in need of
further investigation. Also, a deeper understanding of contemporary
cryopalynology is achieved through thorough investigation of the subdiscipline's
maturation process. By taking a look backward, in effect, we gain a better
understanding of the present and, if we are lucky, get a glimpse of what the
future may hold. Furthermore, it is my intention to relate each of these articles to
the topic of post-depositional meltwater processes and its apparent affect on
stratified pollen records. As previously mentioned, the story begins in the Alps.
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The Alps and Alaska
The Alps
Dr. Volkmar Vareschi is widely considered to be the father of
cryopalynology, and for good reason . Although his primary inclination was
simply to use pollen to study glacier structure and movement mechanics, in the
process he stumbled upon several fortuitous discoveries. For example, while
investigating the Great Aletsch Glacier in the Swiss Alps he was the first person
to expose the interrelationship between glacial surface pollen and the
surrounding vegetation (Vareschi 1935). Furthermore, he noted that seasonal
bands in stratified firn layers seemed to preserve the flowering succession
(phenology) of the surrounding vegetation in chronological order and that spatial
variability in the pollen signal occurs at different points along the glacier's trend.
Most relevant to this research, he was the first to study the effects of meltwater
and ice movement on the pollen signal, concluding by his observations that
meltwater does not necessarily transport pollen downward (98), a lasting theme
common among more contemporary literature and directly refuted by the results
of this research. To his credit, he never directly addressed meltwater percolation
phenomena through the snow or firn profile as a uniform medium but instead
focused more on micro fissures and ice lenses along the glacier surface.
Following Dr. Vareschi's research throughout the Swiss Alps, Dr. Harry
Godwin first considered using "continuous samples throughout a profile, so as to
reveal the full history of the deposit" (Godwin 1949, 329). This is among the first
hints in the literature at investigating the pollen signal of a continuous ice sample
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or core. In his critique of Vareschi's work, Dr. Godwin also noted the possibility
of pollen grains being flushed off the surface completely during extreme melting
(1949, 327), a disposition directly addressed in this research . While responding
to questions after reading a paper to the International Glaciological Society at a
meeting on February 5, 1949, Dr. Godwin called for further investigation of "melt
phenomena and regelation in the neighborhood of the firn line," postulating that
"snow melting from surface ridges might lead to sedimentation of pollen in
corresponding surface pools"(1949, 331 ).
Contrarily, Ambach, Bortenschlager, and Eisner (1966) concluded from a
study in the Otztal Alps that pollen grains are concentrated just beneath the
surface during the summer melt, making seasonal layers easy to distinguish,
which, thus, "demonstrates that the displacement of pollen by melt-water
incursion cannot be significant" (1966, 235). Unfortunately, as you will see in the
next several sections, the effects of post-depositional processes, such as
meltwater percolation on the pollen signal, escape the literature and remain
under-investigated even today.
Alaska

Following Vareschi's and Godwin's revelations in the Alps, Calvin Heusser
analyzed the pollen content of Taku Glacier in the Juneau Ice Field, Alaska
(1954). This exploratory study aimed to better understand glacier accumulation
and ablation processes through pollen analysis. Heusser (1954) analyzed the
pollen content of 75 samples collected from eight different snow pits and
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confirmed the apparent seasonality among pollen taxa throughout the profiles
previously observed in the Alps by Vareschi and Godwin.
Summary

The aforementioned exploratory studies conducted throughout the Alps
and on Taku Glacier in Alaska mark the birth of a new subdiscipline of palynology
referred to here as "cryopalynology." Again, cryopalynology differs from
traditional palynology in its analyses of palynomorphs only found in snow and ice.
Although these early pioneers mostly explored the utility of pollen as a means to
study glacial processes, their observations were paramount in capturing the
attention of the palynological community and persuading them to begin thinking
of ice and snow as legitimate preservation mediums for paleoecological records.
However, after Ambach, Bortenschlager, and Eisner's paper (1966} the trail
essentially goes cold for the next decade, followed by a resurgence in Greenland
and northern Canada.
Polar Ice (High Arctic)
Greenland and Northern Canada

Fredskild and Wagner (1974) were the first people to explore the utility of
cryopalynology on polar ice caps beginning with Greenland in the 1970s. The
aim of their pilot study was first, to see if pollen analysis was even feasible in the
area and, second, to provide a general paleoecological record for the under
sampled high Arctic. The investigators found regional and exotic pollen in
samples from multiple core sections. The older ice contained the lowest
concentrations (21-96 grains/liter), presumably because the ice was more
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extensive in the past and the coring site was at a greater distance from
vegetation. With that said, the pollen concentrations were calculated from low
total pollen counts primarily due to the analysis of small meltwater volumes and,
thus, were unreliable. Fredskild and Wagner's (1974) study proved
cryopalynological work could be conducted throughout the high Arctic and that
ice cores could potentially yield very old vegetation records, provided sufficient
sample volumes were collected. However, instead of directly addressing
Godwin's reservations regarding the affects of meltwater on pollen stratigraphy in
ice records, future investigations proceeded throughout the area without heed.
Lichti-Fedorovich (1974) was among the first to analyze the seasonal
differences or stratification of pollen assemblages through snow profiles at the
surface of polar ice caps. The study, conducted on Devon Ice Cap in the high
Arctic, covered one year and suggested exotic pollen deposition occurs during
the winter and spring, whereas regional and local pollen deposition occurs during
the summer and fall (Lichti-Federovich 1974). In other words, seasonality is
preserved within the length of the snow profile at the surface, appearing
unaffected by surface water and, thus, should be preserved in the ice itself. The
implications of this study must have been exciting at the time because if
seasonality is preserved in ice, and ice records can reach back hundreds of
thousands of years, they could potentially provide very high resolution ecological
records spanning the entire Wisconsinin period of glaciation.
In order to combat the extremely low pollen counts encountered by
Fredskild and Wagner (1974), Lichti-Fedorovich (1975a) analyzed large volumes
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of water (14 liters) from sporadic segments extracted from the Devon Island ice
core drilled in 1973. This helped increase the validity of the calculated pollen
concentrations because they were based on higher total pollen counts. The core
segments were mostly comprised of exotic pollen found outside of the Canadian
high Arctic and exhibited some subtle assemblage changes (Lichti-Federovich
1975a).
Expanding on her previous surface snow study conducted on Devon
Island, Lichti-Fedorovich (1975b) examined the pollen contents of surface snow
samples collected on five different ice caps throughout the Canadian Arctic to
test for spatial variability between sites. Her results again indicated a strong
exotic pollen signal with seasonal differences in deposition; however, overall
pollen counts remained low. After contributing several excellent studies to the
cryopalynological community during the mid-1970s, Lichti-Fedorovich essentially
disappears from the cryopalynologicalliterature.
A decade later, McAndrews (1984) completed pollen analysis of the 299meter ice core from Devon Island originally begun by Lichti-Fedorovich (1975a)
in the seventies. At the time, this was the first thorough pollen investigation from
surface to bedrock of any Arctic ice core in the world. The 130,000-year record
was mostly comprised of exotic pollen transported over 1OOOkm and showed the
highest concentrations (4.7-7.4 grains/liter) during warm periods when the ice
extent was contracted and, thus, pollen sources closer to the drill site
(McAndrews 1984, 74). With that said, overall pollen counts (23-1271 grains)
were again extremely low throughout the core and, therefore, required large
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volumes of meltwater (14-112 liters) to detect the pollen signal at all (McAndrews
1984, 71 ), thus significantly lowering the resolution. This issue has proven itself
problematic for most cores taken from ice caps situated at great distances from
vegetation.
Jocelyne Bourgeois entered cryopalynological discourse in the mid-1980s
and has since contributed several excellent studies and unique perspectives
involving novel applications for pollen found in ice and snow. For example,
Bourgeois, Koerner, and Alt (1985) compared pollen deposition rates from
several sites throughout Canada's high Arctic to rates found to the south near
treeline using both surface and ice core data. The aim was to further investigate
the high frequency of exotic or long-distance transported pollen found by
previous studies (i.e., Fredskild and Wagner 1974; Lichti-Fedorovich 1974; LichtiFedorovich 1975a; 1975b, 135-137; McAndrews 1984). Deposition rates were
calculated by multiplying pollen concentrations and known snow accumulation
rates. Their results indicated sharp gradients among exotic taxa that roughly
follow general atmospheric circulation patterns with the Polar Front seemingly
serving as a barrier to the high Arctic during the peak pollination season
(Bourgeois, Koerner, and Alt 1985). The authors also noted that exotic pollen
that reaches the mid-upper troposphere is thoroughly mixed and deposited
throughout the high Arctic, explaining the low deposition rates (Bourgeois,
Koerner, and Alt 1985, 116). These findings, in theory at least, established
pollen as a potential proxy for studying historical circulation regimes by backtracing the pollen spectra found in ice cores to their source regions.
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Short and Holdsworth (1985) examined the pollen content of 12 ice cores
taken from the Penny Ice Cap on Baffin Island during the seventies. Their results
also indicated a strong exotic and seasonal pollen signal that differed from
records of the same time period found in local terrestrial deposits, corroborating
all previous studies in the high Arctic. In other words, high-Arctic ice caps seem
to more efficiently capture regional and long-distance transported or exotic pollen
types than local pollen and , thus, have potential for reconstructing paleoclimates.
In 1986, Bourgeois published the results of her analysis of a 100,000year-old pollen record contained in a 338-meter ice core extracted from the
Agassiz Ice Cap on Ellesmere Island. Similar to the record from Devon Island
(McAndrews 1984) and Greenland (Fredskild and Wagner 1974) Ellesmere
Island contained very low overall pollen concentrations (15-173 grains/ 100 liters)
particularly during the Wisconsinin when vegetation was very far from the drill
site (Bourgeois 1986). However, this record did not show any contrast between
warm and cool periods based on pollen spectra. In an effort to provide a better
paleoecological record from Ellesmere Island, Bourgeois et al. (2000) drilled
another 127-meter core through the Agassiz Ice Cap in the late 1990s. That
record contained a better pollen signal throughout the length of the core but still
was plagued by relatively low concentrations (9-15 grains/liter) (Bourgeois et al.
2000).
Building on her idea of using pollen to reconstruct historical atmospheric
circulation patterns (Bourgeois, Koerner, and Alt 1985), Bourgeois (1990)
correlated annual and seasonal variations in the pollen concentrations of regional
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and local flora with summer temperatures (pollination season) on the tundra
using snow samples from the Agassiz Ice Cap. The author found that the
regional or local pollen signal was strongest during the warmest temperatures,
whereas the exotic pollen signal was strongest during cooler temperatures. As
such, variations in the local and regional signals could be used as proxies for the
summer pollination season while the exotic signal, because of the long travel
distances, can be used as an air mass tracer (Bourgeois 1990).
With several ice core and surface analyses complete (e.g., Devon Island
and Agassiz ice caps), a decent pool of Arctic pollen data was available with
which to compare records and reflect on the applications and approaches
implemented by the burgeoning discipline thus far. For example, Koerner and
Bourgeois (1988) compared the oxygen isotope ratios and pollen concentrations
from the Aggasiz and Devon Island ice cap cores. They concluded that changes
in pollen concentrations, spectra, and oxygen isotope ratios through the length of
an ice core collectively reveal a more complete picture of historical environments
in terms of vegetation and climate (Koerner and Bourgeois 1988).
Gajewski, Garneau, and Bourgeois (1995) also discussed the
paleoecological reconstruction potential of various records throughout the high
Arctic. In summary, they concluded that ice cores are most useful for recent
high-resolution analyses due to the thin annual layers and low pollen
concentrations of older, compressed ice at the bottom of most cores (Gajewski,
Garneau, and Bourgeois 1995, 617). Pollen signals from older ice (e.g.,
Wisonsinin, early Holocene) are most appropriately interpreted using a multi-
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proxy approach in conjunction with sediment and peat records (Gajewski,
Garneau, and Bourgeois 1995, 625). With that said, the older pollen signals can
still reveal broad vegetation and prevailing wind changes through time provided
proper site selection (i.e., near vegetation, minimal ice flow, flat topography, thick
ice, etc.) and low summer melting, which can destroy the stratified records
(Gajewski, Garneau, and Bourgeois 1995, 61 0). Interestingly, surface studies up
to this point revealed seasonal variability and minimal relocation due to meltwater
incursion, yet Gajewski and others hint at the possibility of the stratigraphy being
affected by post-depositional snowmelt.
In an effort to further investigate the potential information derived from
inter- and intra-annual variability among surface samples, Bourgeois (2000)
analyzed the modern pollen assemblages of snow pit profiles from several Arctic
ice caps in northern Canada and Russia as well as the Quviagivaa Glacier, a
valley glacier on Ellesmere Island. The results again indicated both seasonal
and inter-annual variability among all locations. Serendipitously, the valley
glacier samples contained the highest pollen concentrations (up to 214
grains/liter) and best represented the local flora due to the close proximity of the
vegetation (Bourgeois 2000, 11 ). As we will see in the following sections, such
discoveries have switched the focus of contemporary cryopalynology to
temperate, mid-latitude glaciers that are much closer to vegetation sources and,
thus, receive more pollen . In contrast, ice caps contained mostly exotic pollen
(Bourgeois 2000). On average, the different pollination seasons among taxa
were preserved in sequential order. Also, variability among species
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assemblages between years became more uniform with distance north
(Bourgeois 2000). In other words, as one travels further away from the
vegetation, the inter-annual pollen signal becomes more homogeneous.
As previously mentioned, the construction of solid modern analogs
obtained from surface snow is paramount to the accuracy and validity of
paleoreconstructions that implement ice core records. In an attempt to bolster
the Arctic analogs, Bourgeois, Gajewski, and Koerner (2001) analyzed 77 snow
samples taken from 41 sites throughout northern Canada. Principal components
analysis revealed several major vegetation zones with original pollen
assemblages that were well represented in the snow. As expected, areas with
the most dense vegetative cover and closest proximity to productive areas
contained the highest overall pollen concentrations and representative
percentages. The investigators also found a distinct spatial boundary
characterized by the absence of several pollen spectra, again suggesting
atmospheric conditions that inhibit pollen penetration into higher latitudes
(Bourgeois, Gajewski, and Koerner 2001 ).
Russia

Andreev et al. (1997) conducted the first palynological investigation of an
ice co re extracted from Russia (Vavilov Ice Cap). During the study, the authors
noted the "possibility of stratigraphical breaks during periods with high summer
ablation, which created significant amounts of infiltration ice in the core" (Andreev
et al. 1997, 388). The 457 -meter core was analyzed for both pollen and
isotopes, showing no correlations between shifts in pollen assemblages and
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changes in temperature (Andreev et al. 1997, 388). The record's pollen
concentrations diminished with depth and was mostly dominated by exotic pollen,
again suggesting the potential for pollen in studying atmospheric conditions
(Andreev et al. 1997, 388).

Summary
One obvious advantage of using records from the high Arctic is the fact
that the period of summer melt is extremely short and, thus, probably effects the
pollen stratigraphy very little, as evidenced by surface studies (e.g., LichtiFedorovich 1974; Bourgeois 1990; 2000). However, when analyzing ice samples
from temperate glaciers that experience longer periods of melting and higher
summer temperatures, pollen relocation due to meltwater incursion is of greater
concern. Common problems encountered in high Arctic cryopalynological
studies include extremely low pollen concentrations and heavy percentages of
exotic, or long-distance transported, anemophilous pollen. Consequently, the
local flora are drastically underrepresented. However, the exotic pollen can be
used in reconstructing paleowinds and general atmospheric circulation patterns
by reverse engineering transport trajectories to the source regions from which the
pollen came.
Ultimately, the problem of extremely low total pollen counts and
associated low concentrations found in high-Arctic ice effectively shut down
cryopalynological studies throughout the region. Unpractical volumes of
meltwater are required in this region to collect very few grains. Meanwhile, a lot
of groundbreaking isotopic and particulate work was being conducted on ice
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cores from the tropics for paleoclimate reconstructions. As luck would have it,
these cores, although generally not as old as polar ice, would contain some
interesting high-resolution pollen records. Accordingly, the cryopalynological
community switched focus from high latitude, low elevation sites to low latitude
(the tropics), high elevation sites.
The Tropics
South America
In an effort to better understand pollen deposition and dispersal patterns
on tropical ice caps, Reese and Liu (2002) analyzed the pollen contents of 15
surface samples taken along a transect of Quelccaya Ice Cap in Peru. Their
results showed a uniform assemblage signal (probably produced from evenly
mixed rain-out) across the length of the ice cap that varied in concentrations
following the prevailing winds, with higher concentrations on the windward than
leeward side. Furthermore, concentrations were higher along the ice sheet's
margin than interior due to increased deposition from the stasis of the anabatic
winds against the inversion layer above the ice (Reese and Liu 2002, 52). Most
importantly, the snow contents contained the highest pollen concentrations
(55,000 grains/liter) ever collected in surface snow samples, a drastic
improvement over polar ice investigations and a promising harbinger for tropical
cryopalynology (Reese and Liu 2002, 50).
In a replicate study, Reese, Liu, and Mountain (2003) analyzed the spatial
variability of pollen concentrations and assemblage percentages across the
surface of Volcan Parinacota to convey the importance of prevailing winds in
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pollen dispersal and deposition. The authors collected 11 surface samples from
all sides of the caldera for pollen analysis, two pairs of which were in close
proximity to test for site-specific variability. The results indicated increased
pollen concentrations from the windward sector of the mountain corroborating the
results from Quelccaya, meaning wind, or mechanical deposition seems to be the
primary vehicle of transportation for pollen that reaches tropical ice caps at high
elevations. The pollen assemblages were also spatially ubiquitous, only varying
in concentrations (Reese, Liu, and Mountain 2003). In other words, the relative
assemblage proportions were preserved in the pollen signal across the entire ice
cap and the prevailing winds should be observed during site selection to achieve
the highest pollen concentrations possible.
Following the previously mentioned surface studies, Liu, Reese, and
Thompson (2005) conducted the first ever full-blown high-resolution analysis of
an ice core in the tropics on Mount Sajama in Bolivia. The 400-year-old pollen
record showed promising results consisting of discernable responses to sensitive
climatic shifts congruent with the chemical and isotopic analyses (Liu, Reese,
and Thompson 2005). For example, the pollen signal consisted of higher
percentages of xerophytic species during drier periods and high concentrations
of grasses during wetter periods. The results from this study were quite
substantial because all other paleoecological records (e.g. , lake sediments)
throughout the region lacked the fine resolutions contained in tropical ice cores.
Building on the surface work done on Quelccaya and Volcan Parinacota,
Reese and Liu (2005a) tested Quelccaya's snowpack for inter-annual variability
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and to establish changes in pollen provenance through time. First, the authors
compared 19 surface samples collected in 2001 to 15 samples collected in 2000
and found variability in the pollen assemblages. Secondly, the authors compared
the same 34 samples from 2000 and 2001 to a large batch of surface sediment
samples taken from the 4 distinct ecological regions (Reese and Liu 2005b)
surrounding the ice cap to see if they could explain the variability. Using
discriminant analysis, the authors pitted the pollen assemblages from 2000 and
2001 years against the four ecological regions. Results showed a clear
distinction among the 2000 and 2001 snow samples (Reese and Liu 2005a}.
The 2000 samples were statistically similar to the vegetation group on the west
side of the Andes, whereas the 2001 samples were statistically similar to the
vegetation group on the east side of the Andes (Reese and Liu 2005a) . The
authors hypothesized the El Nino Southern Oscillation (ENSO) was responsible
for the inter-annual variability. 2000 was an El Nino year, in which the prevailing
winds came out of the west. On the other hand, 2001 was a La Nina year in
which the prevailing winds came out of the east (Reese and Liu 2005a). The
results of the pollen analysis were sensitive enough detect these atmospheric
changes. This study solidifies the utility of cryopalynology in studying
atmospheric circulation regimes through pollen provenance and deposition at
very fine resolutions.
Liu, Reese, and Thompson (2007) then applied what was learned from
Quelccaya's snowpack (e.g., Reese and Liu 2005a) to a 39-year ice core record
from the Sajama Ice Cap to see if the ENSO signal would be preserved over
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longer time scales. The results indicated the El Nino years are strongly
correlated with high pollen concentrations throughout the length of the record
(Liu, Reese, and Thompson 2007). To explain this phenomenon, the authors
suggested that increased ablation during relatively drier El Nino years
preferentially removed snow but left behind pollen grains, thereby increasing
pollen concentrations.
In 2009, Herreros et al. analyzed a 42-meter ice core taken from the
Nevado Coropuna saddle in Peru. The results suggested that stronger local
pollen signals were prevalent during dry periods (EI Nino years), while exotic taxa
from the south typically arrived to the saddle during the winter months (Herreros
et al. 2009, 32-33). In other words, seasonal and atmospheric signals could be
traced by the presence or absence of exotic marker species.
Summary

Tropical ice caps are proven resources for both paleoecological and
paleoclimate data. The low-latitude, high-elevation records contain immense
quantities of pollen grains due to their close proximity to pollen sources. As
such, small snow and ice volumes contain high pollen concentrations
(grains/liter) that allow for extremely high-resolution stratigraphic analyses. The
cryopalynological work done on tropical ice caps thus far has provided the
scientific community with regionally important historical vegetation, climate, and
wind data previously unavailable through conventional approaches. In stark
contrast to the high Arctic, tropical ice caps are typically exposed to greater
periods of melting and, therefore, meltwater percolation. However, the effects of
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meltwater percolation on these stratigraphic records have never been directly
analyzed. Out of a presumed sense of urgency, the most recent focus of the
cryopalynological community has shifted from the tropics to mid-latitude
temperate ice, including rapidly decaying valley glaciers from lower elevations.
The Mid-Latitudes
The Altai Mountains of Russia and Mongolia

In low-latitude, low-elevation environments, standard chem ical and
isotopic dating methods cannot be used to identify annual layers due to higher
rates of melting. Heavy meltwater, moving from the surface downward as well as
horizontal flow, can ruin stratigraphy. Thus, Nakazawa et al. (2004) began work
on a new dating method for ice cores taken from low-latitudes using pollen
analysis on the Sofiyskiy Glacier in the Russian Altai Mountains. The authors
propose the use of seasonal pollen grains for dating annual layers, which,
because of their size, "seem .. . to remain at [their] original depth despite
meltwater incursion" (Nakazawa et al. 2004, 1-2). A few years later, Uetake et al.
(2007) also examined the pollen stratigraphy in a shallow pit and short ice core
taken from the same glacier to test this new dating technique. The authors found
seasonal pollen stratigraphy intact and presumably unaffected by meltwater
percolation in both cases (Uetake et al. 2007).
Building on the Sofiyskiy Glacier dating studies, Nakazawa et al. (2005)
again addressed the dating issues associated with low-latitude alpine glaciers
(e.g. , wind erosion, lack of precipitation) by using peak pollen concentrations of
seasonal taxa as temporal markers. The authors collected firn samples in

22
roughly 2cm increments and daily/yearly deposition data from Belukha Glacier in
Russia from 2001-2002. Groups of taxa were classified based on peak
pollination seasons under the assumption that deposition occurs during
pollination. The results indicated clear seasonal distinctions among
pollination/deposition patterns of certain taxa (Nakazawa et al. 2005).
Betulaceae, Picea, and Abies peaked during the spring/early summer, whereas,
Pinus peaked during late summer and Artemisia peaked during autumn

(Nakazawa et al. 2005). Thus, the pollen peaks of these taxa (or others
depending on the region) may be useful in dating and improving the annual
resolution of ice cores from low-latitude alpine glaciers, provided that meltwater
does not transport pollen (Nakazawa et al. 2005).
In a replicate study, stratigraphic pollen data from a 4-meter pit dug on
Belukha Glacier in Russia again captured the established seasonal phenology of
various species that flower during different months of the year (Nakazawa et al.
2011 ). Thus, the authors suggest seasonality can be more accurately
reconstructed in ice cores by identifying sub-annual layer variations in pollen
composition (Nakazawa et al. 2011 , 71 ).
From 2007-2009, Nakazawa et al. (2012) analyzed the pollen content of
consecutive year pits taken from the same two locations in the upper cirque of
the Potanin Glacier in the Mongolian Altai. Building on previous dating studies in
the Altai Mountains, their primary objective was to provide inter- and intra-annual
deposition data for the glacier using specific pollen taxa as seasonal markers
based on differences in pollination seasons. In short, pollen dispersed earlier in
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the year should theoretically be found in a lower layer than pollen dispersed later
in the year, effectively cataloguing the seasons in stratified layers. Although this
was true for a few of the profiles, several exhibited heavy melting and the marker
pollen grains that were supposed to be stratified based on seasonality were
found in the same layer. The author's attribute this to the concentration of pollen
grains from different layers at the surface as the surface melts downward, stating
"pollen grains can provide seasonal information and appear to be less affected
by meltwater percolation since they are of large size" (Nakazawa et al. 2012, 6) .
However, is it possible that the observed phenomenon is in fact a product of
downward percolation due to meltwater incursion? Without studying the melting
process as it occurs, the apparent seasonal stratification of pollen grains could
just as easily be from preferential relocation during the melt and subsequent
deposition.
Japan
In the central highlands of Japan, Nakazawa and Suzuki (2008) outlined
variations in the pollen concentration peak of a melting snow cover at various
stages during the spring and summer melts of two consecutive years. Their
objective was to finally address the pollen relocation hypothesis originally
constructed by Godwin in the 1940s (Godwin 1949, 329) and to solidify the
implications of the seasonal bands they were observing while developing their
new dating technique in the Altai Mountains of Russia and Mongolia (Nakazawa
et al. 2004; Uetake et al. 2007; Nakazawa et al. 2005). To achieve this, the
authors analyzed the pollen of Cryptomeria japonica throughout snow pit profiles
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in 9cm and 3cm increments. The authors compared the pollen concentration
peak depths across samples and against samples with and without water
channels. Results indicated a uniform concentration of pollen at the surface of a
melting snow cover (Nakazawa and Suzuki 2008) . Water channels had little or
no effect on the peak pollen concentrations; however, the authors did note a
sudden decrease in the pollen concentration peak upon severely melted, rough
surfaces, possibly due to lateral relocation induced by the shape of the sampled
surface (concave vs. convex) (Nakazawa and Suzuki 2008, 6). In other words,
seasonal layers exist but mesh together as the surface melts downward,
collecting and concentrating all of the pollen grains at the surface during the
process. As such, a distinct summer melt layer may be observable in firn layers
with heavy melting. Furthermore, during extreme melting, in which the entire
snow profile is reduced , horizontal relocation or surface runoff may occur,
thereby removing pollen grains from the year prior. Again, both the vertical and
horizontal relocation phenomenon alluded to in this study are directly addressed
later in this research.
Summary
Low-latitude, low-elevation ice has exhibited great potential as a novel,
reliable source for high-resolution historical vegetation studies. For example,
temperate glaciers are generally located much closer to local vegetation sources
and, thus, typically receive greater pollen loads from the surrounding
environment that equate to stronger pollen signals and, therefore, more rel iable
results. High deposition environments also provide unique opportunities for high-

25
resolution analyses across large swaths of the globe previously catalogued only
by coarsely resolved sediment cores. With that said, there are several
disadvantages with these records. Unlike ice caps, severely melted valley
glaciers are much more dynamic environments and, thus, require more complex
approaches and calibrations to interpret the information. Low-latitude, lowelevation glaciers typically contain temperate ice that experiences more intense
and longer melting periods during the year. The records also generally cover
shorter temporal scales than polar and high-altitude tropical ice.
Most studies of temperate glaciers thus far have focused mainly on the
use of seasonal pollen bands for dating annual and sub-annual layers within
severely melted ice cores. Observed pollen stratigraphy within these snow and
ice layers has been interpreted as accurate representations of local or regional
phenology of various plant species provided minimal relocation occurrence from
post-depositional meltwater incursion. However, the effects of such phenomena
have yet to be fully investigated, making conclusions drawn from low-latitude
cryopalynological studies circumstantial at best.
Summary
Cryopalynology is a relatively young subdiscipline of palynology. This
novel subfield can be differentiated from traditional palynology by its analyses of
palynomorphs found only in snow and ice. Over the last 80 years, the science
has followed a logical geographic and conceptual evolution from its origins in the
Swiss Alps in the 1930s to the poles, tropics, and finally, to mid-latitude
temperate glaciers. Common cryopalynological research themes and
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applications include describing inter- and intra-annual pollen variability within
snow and ice stratigraphies for vegetation reconstructions, establishing pollen
provenance or source regions for wind reconstructions, outlining spatial variability
between records, and using pollen to date ice cores. As exhibited by this
literature review, inter-annual and seasonal variability in pollen concentrations
and assemblage percentages have been well documented, even in temperate
snow pit and ice core samples from valley glaciers (e.g. Nakazawa et al. 2004;
Nakazawa et al. 2005; Uetake et al. 2007; Nakazawa et al. 2011; Nakazawa et
al. 2012). Again, this hints at the possibility of extremely high-resolution
analyses; however, post-depositional entrainment processes at the surface have
not been fully investigated. As such, this research adds to the working body of
knowledge by providing more information about the ways in which meltwater
incursion and slope angle interact with the entrainment of pollen in ice core
records.
To date, Nakazawa and Suzuki (2008) is essentially the sole attempt at
understanding post-depositional entrainment processes on a melting snow cover,
the logical first step in understanding organization of stratified pollen layers within
glacial ice. Although this study resulted in a few interesting conclusions, it raised
more questions on the matter of horizontal relocation. For example, the authors
noted a stark drop in pollen concentrations at the surface upon total melt, but did
not directly capture or quantify pollen in meltwater. The vertical aspect of the
study must be independently investigated as well to corroborate or refute the
idea that pollen grains are concentrated at the melting surface.
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CHAPTER Ill
STUDY AREA
Fairbanks, Alaska was chosen as the study site for this research for
several reasons, namely cost, time efficiency, and climate. It was simply not cost
nor time efficient to observe a natural melting snow cover and conduct a
controlled experiment on a glacier. Under such circumstances, control over the
experiment's variables can be marginal. The aim of this experiment was to
maximize control and isolate the variables being observed to strain out the
fundamental relationship between meltwater percolation and pollen transport.
Easy access to tools, supplies, and electricity allowed for maximum control.
According to data derived from the NCDC (NOAA 2011 ), Fairbanks is
climatically comparable to many Alaskan valley glaciers in terms of temperature,
humidity, and snowfall. Monthly normals from 1981-2010 for the months of
November, December, January, February, and March are listed in Table 1
(Station GHCND:USC005021 07).
Table 1
Monthly Normals for Fairbanks, Alaska from the College Observatory
(November-March 1981-2010)
Month

Daily Max (°F)

Daily Min (°F)

Mean Temp. (°F)

Snow (inches)

November

11 .5

-2.3

4.6

11 .9

December

6.6

-7.7

-0.5

11 .8

January

3.3

-11.1

-3.9

10.5

February

11 .1

-7.0

2.0

8.0

March

25.3

1.6

13.5

5.6
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The mean snowfall of Fairbanks (47.8 inches) was sufficient to ensure
ample snow collection to conduct the experiment. The collection of natural
accumulation allows for the ebb and flow of heat transfer within the snow pack
that creates layers of different snow densities, which more properly emulate
natural conditions. The densest snow in each cooler was located near the
surface, while the least dense layers were located at the bottom .
From February 28 to March 2, 2012 the College Observatory (Station
GHCND:USC005021 07), located roughly 4 miles from the experiment site,
recorded temperatures between

soand -13° Fahrenheit.

Quality-controlled

hourly observations for each melting time, made by the National Weather Service
at Fairbanks International Airport (located approximately 7 miles from the
experiment site), are located in Table 2. Data ranges for melts beginning or
ending between the tops of the hourly observations were interpolated using the
previous and subsequent measurements. Melting durations ranged from 56
minutes to 1 hour and 40 minutes. Ambient air temperature during each melt
ranged from -11 o to 11 o Fahrenheit with humidity readings between 53 and 74%.
As expected, the higher relative humidity readings occurred during the coldest
temperatures. It is possible more ablation occurred during the relatively drier
melts; however, the collected meltwater volumes among all coolers (see Chapter
V) were sufficient to test for spore transport.
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Table 2

Hourly Observations from Fairbanks International Airport

Cooler

Date

Melting Time

Duration

Temp. Range

RH Range

SF1

2/28/12

2:54pm-4:34pm

1hr. 40mins.

3-0°F

57-59%

SF2

2/29/12

8:20am-9:23am

1hr. 3mins.

(-11)-(-9)°F

64-60%

SF3

2/29/12

11 :58am-1 :02pm

1hr. 4mins.

(-2)-(-1)°F

56-53%

ST1

2/29/12

4:24pm-5:20pm

56mins.

3.5-2.5°F

53-60%

ST2

3/1/12

8:50am-1 0:02am

1hr. 12m ins.

(-11)-(-StF

74-67%

ST3

3/1/12

11 :46am-12:51 pm

1hr. 5mins.

(-2)-4°F

62-54%

IT1

3/1/12

4:1Opm-5:32pm

1hr. 22m ins.

11-7.5°F

50-57%

IT2

3/1/12

7:54pm-9:19pm

1hr. 25m ins.

3-0°F

60-63%

IT3

3/2/12

1O:OOam-11 :18am

1hr. 18m ins.

(-1 )-2°F

62-60%

Note. RH = relative humidity.
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CHAPTER IV
MATERIALS AND METHODS
Overview
To answer the proposed research questions, a simple melting experiment
was conducted in Fairbanks, Alaska from February 28 to March 2, 2012. Prior to
the experiment, nine Styrofoam coolers were placed outside from November
2011 to February 2012 to collect the winter's natural snow accumulation. For the
experiment, the nine coolers were stratified into three separate groups, three of
which were laid flat and filled with snow (Snow/ Flat or SF), three coolers were
tilted at roughly a 10-12 degree angle and filled with snow (Snow/Tilted or ST),
and lastly, three coolers were tilted at the same 10-12 degree angle with a 2-3
inch layer of ice underneath the snow to emulate the ice/snow interface of a
valley glacier (Ice/Tilted or IT) (Figures 1-5). A known quantity of spores
(104,242) was introduced to the surface of each snow-filled cooler, melted, and
the remaining snow profile was sampled. All three groups were repeated three
times to provide more reliable results while simultaneously keeping the total
sample number for laboratory processing and analysis within reason.
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Figure 1. Basic Snow/ Flat cooler setup. Note sample depth stencil, heat source
above, and meltwater collection bottle underneath.
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Figure 2. Snow/Flat cooler with samples removed. Note meltwater aperture at
bottom.

Figure 3. Snow/Tilted cooler setup with sample stencil. Note 20x20cm study area
cutout on the surface.
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Figure 4. Snow/Tilted cooler with snow profile exposed. Note downhill profile.

Figure 5. Ice/Tilted cooler setup.
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Research Design
For this research, the observation approach was used to mechanically
measure and observe quantitative, primary data in a contrived, experimental
setting (coolers, heat lamps, etc.) that replicated the natural environment. This
type of data collection was most appropriate because it was both cost and time
effective and offered a greater degree of control over the variables being
observed. The framework for this study was mostly quantitative in nature, with a
semi-experimental design because randomness was an issue. Accordingly, a
deterministic and reductionist philosophy with post-positivist knowledge claims
were assumed in which the aim of the study was to outline testable variables,
make observations, collect data, and outline causal relationships. Most data
collected for this study was gathered in-situ for the specific purpose of this
research and, thus, are primary data. Within the aforementioned research
questions, the testable variables and data types are shown in Table 3.
Table 3
Variables and Data Types

Data Types
Variables

Units
Quant./Qual.

Primary

Secondary

Continuous/
Discrete

Snow Depth/
Meltwater

cm/vol.

Quant.

X

Continuous

Spore
Concentrations

spores/
ml

Quant.

X

Continuous

Volume

ml

Quant.

X

Continuous
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Table 3 (continued}.

Data Types
Variables

Units
Quant./Qual.

Primary

Secondary

Continous/
Discrete

Snow Mass

kg

Quant.

X

Continuous

Density

kg/ unit vol.

Quant.

X

Continuous

Temperature/
Humidity

°F/RH%

Quant.

Slope

Tilt/No Tilt

Qual.

X

Discrete

Melting Time

Hrs.:Mins.

Quant.

X

Continuous

Lycopodium

Spores
Added
(1 04,242}

Quant.

X

Continuous

Cooler
Stratum

SF, ST, IT

Qual.

X

Discrete

X

Continuous

The pertinent variables used to test for vertical and horizontal spore
relocation during the melt were snow depth/meltwater, slope (downhill snow),
and spore concentrations. All ancillary variables listed (e.g., snow mass, density,
temperature/humidity, and melting time) were collected as descriptive data in
order to ensure consistency among samples (Table 3). For example, if a drastic
difference existed within a group of stratified coolers, we wanted to ensure these
phenomena could not be explained by differences in snow densities,
temperature, or time of melting. This was a means of further isolating the
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pertinent variables under investigation (i.e., slope, depth/meltwater, and spore
concentrations).
Sampling Procedure
Consistency was the focus of the sampling procedure. A full day was
designated at the beginning of the trip to mock sampling trials in which the full
melting setup and sampling procedure was conducted as practice. Within these
mock trials, adjustments were made to the sampling procedure and extraction
tools to ensure consistency within and between stratums.
Immediately prior to use, individual coolers were dug out of the snowpack
with a shovel, scraped level along the plane of the cooler rim to ensure
consistent beginning volumes, and weighed on a scale to calculate average
densities. Five Lycopodium tablets (Batch #1031 from Lund University) were
then pulverized using a porcelain mortar and pestle (20,848 spores/tablet; thus,
104,242 total spores/cooler {s=±3457, V=±3.3%}) (Maher 1981). The five
pulverized capsules, now in powder form , were then evenly spread over a
20x20cm (400cm 2) study area on the surface of each cooler prior to melting
(Figure 3). The 20x20cm study area was located in the center of each cooler
and provided a sufficient unmolested column of snow away from the edges of the
cooler that could respond differently to the heat source. Then, using a heat lamp
(anchored approximately 12 inches away from and parallel to the surface) each
cooler's snow contents were melted down to roughly two-thirds (-67%) of the
original volume and allowed to percolate for 30 minutes post-melt. All meltwater
was collected from each cooler through a single small aperture (rough ly 1.25cm
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in diameter) or drain hole located at the lowest possible point and tested for
spore concentrations. To gain access to the snow profiles after melting, a
common wood saw was used to rip the Styrofoam sidewall of each cooler.
For the Flat/Snow coolers the surface samples represent the top 1-2
centimeters, consisting mostly of the penitente-like prisms of snow that formed at
the surface during each melting process. The remaining snow profiles were then
sampled in Scm increments to test for vertical spore transport. To ensure the
spores were staying within the confines of the column of snow directly beneath
the study area, the snow border (roughly Scm) immediately surrounding this
designated area was tested for spores as well and divided into two samples,
Border and 16-20cm Border. The Border samples contain the snow surrounding
the Surface-1Scm column, and the 16-20cm Border samples contain only the
snow surrounding the bottom-most sample (16-20cm). The same process was
repeated for the Snow/Tilted coolers (excluding the border samples) with the
addition of the downhill column of snow, which was also sampled in Scm
increments to test for horizontal relocation of spores downslope of the study area
(Figures 3-4).
The Ice/Tilted (IT) coolers were melted until at least 9S% of the ice surface
under the snow was revealed. All meltwater and spores that ran off the surface
were collected during this process. The remaining ice block, from the study area
to the drain hole, was also melted, collected and tested for spore concentrations
to see if any spores remained in the ice surface or became entrained in the ice
(see Table 2 for sample summary).
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All samples were transferred and cased in 1-liter leak-proof polypropylene
Nalgene bottles using a small metal shovel and plastic funnel, tagged, and
shipped back to the Biogeography Laboratory at The University of Southern
Mississippi for processing and counting.
This type of sampling is non-probabilistic because the samples were prespecified and non-random. However, upon post-collection and processing of
each 5cm sample, simple random samples were extracted to estimate spore
concentrations (see Slide Preparation below). This type of sampling was most
effective for this research because it was convenient, time and cost efficient, and
naturally defined by the research questions. The idea was to observe, measure,
and compare spore movement vertically and horizontally after a prescribed melt.
Laboratory Processing Techniques
Chemical Processing
Meltwater samples were processed using methods first outlined by Liu,
Yao, and Thompson (1998). The samples were poured into 1-liter glass beakers
through a 2mm mesh screen to filter residual Styrofoam and detritus collected
during the experiment. The meltwater and spores were then concentrated down
to roughly 50ml by evaporation and transferred into 15ml test tubes by
centrifuging and decanting the supernatant 10-12ml at a time. Each sample was
then subjected to a series of acid washes and distilled water baths, centrifuged,
and decanted to remove ancillary organic and inorganic constituents. Ten
percent hydrochloric acid (HCI) was used to remove carbonates, glacial acetic
acid (GA) was used to remove water and acetalize the contents, and finally, the
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samples were subjected to Acetolysis in a boiling bath to deflocculate and
dissolve cellulose. Pollen grains and spores (e.g., Lycopodium) are comprised of
a unique natural co-polymer known as sporopollenin that is highly resistant to
corrosion and the chemicals used during laboratory processing (Fcegri and
Iversen 1950, 168). In effect, the strong acids remove all extraneous materials,
leaving behind only spores (or pollen grains).
The samples were then stained with red safranin dye, cleaned with tertiary
butyl alcohol (TBA), transferred into 1-dram (3.7ml) vials, centrifuged, and
decanted. The remaining concentrate was suspended in roughly 1ml of silicone
oil for 24 hours with the caps off. Silicone oil is denser than TBA and settles to
the bottom while persuading the TBA to evaporate out of the vial. Thus, the final
products, assuming minimal loss occurred, were the total original lot of spores
from each sample depth.
Slide Preparation

Once the TBA evaporation was complete, each vial was filled to exactly 1dram (3.7ml) with silicone oil and thoroughly mixed vertically and upside-down
using a vortex mixer. Precisely 1OO!JI of thoroughly mixed, homogeneous sample
was then extracted from each dram using a variable volume micropipette
(Accumax 20-200J.1L, Cat#: S902432F), mounted on a 75X55mm microscope
slide (Corning, Lot#: 19312009) and covered with a 45X50mm glass cover slip
(Fisherbrand, Lot#: 041612-9). 100 microliters provided a sufficient sample
volume to fill out the area of the oversized cover slips without excessive leaking.
A reverse pipetting technique was implemented for sample extraction from the

40
vials because of the high viscosity of silicone oil. In reverse pipetting, a volume
larger than the target volume is initially extracted into the tip, but the precise,
targeted volume is discharged onto the slide when the plunger is depressed to
the first stop (Thermo Scientific Inc. 2007, 7). All Lycopodium spores suspended
in the standardized (3.7ml) and homogeneous (thoroughly mixed) volume of
silicone oil (1 00~1) were counted using a Nikon Eclipse E400 light microscope at
1OOX magnification.
Concentration and Percentage Calculations
Lycopodium spores typically range in size from 25-40J..Lm and are well
representative (in terms of size) of common pollen spectra found in glacial ice
(aside from Picea spp. and Pinus spp. grains, which range from 60-100J..lm). The
spores are commonly used among the palynological community as markers for
quantifying sample concentrations against a known number (Stockmarr 1971 ).
Typically, samples are spiked with a tablet of a known quantity prior to laboratory
processing and are counted against the identified pollen grains. Then using a
simple mathematical formula, the absolute sample concentrations can be
calculated. This way, losses encountered during the decanting and transfer
processes are experienced by both the spike and pollen grains, effectively
preserving the mathematical relationship between the two. For this experiment,
spores were added at the beginning of the sampling procedure and concentrated
under the assumption that minimal losses occurred, thus leaving the original total
number of spores at each depth in their respective vials. Accordingly, snow
samples with more spores should equate to vials containing more spores, and
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vice versa. Then, by standardizing the volume of each vial to 1-dram or 3.7ml, a
1OOIJI sample of homogeneous mixture should well represent the original total
number of spores (when multiplied by 37) and, thus, can be counted against the
original meltwater volumes, similar to a serial dilution. Spore concentrations
(spores/ml) were calculated by multiplying the number of spores counted in 1001JI
by 37 (1001-JI * 37

= 3.7ml or 1 dram) and dividing the product by the original

meltwater sample volume (ml).
Given that the original number of spores introduced to each cooler was
known (1 04,242) and the overarching objective was to determine where those
spores were relocating regardless of sample volume, spore percentages of the
accounted total provide a useful look at the underlying phenomenon as well.
The spore percentages discussed in Chapter V were calculated using the total
accounted (excluding losses) spores based on the sum of spores found in each
dram. Estimated losses for each cooler and total accounted spores are reported
in Chapter Vas well. Tilia 1.7.16 and Tilia-graph software were used to display
the spore concentration and percentage profiles.
Potential Error
It is worth mentioning that viscous solutions, such as silicone oil, can be
difficult to vortex mix and pipette. Admittedly, this could have been a source of
error; however, each sample was harvested using precisely the same procedure.
A sharpened wooden applicator was used to suspend the sediment-like ring
(spores) at the bottom of each vial. Each sample was then mixed for 30 seconds
upside-down, vertically, and upside down again immediately prior to pipetting.
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Again, this novel technique for quantifying spore concentrations does not
account for spores lost during the chemical processing. It is possible that more
spores were lost in some samples than others within an individual cooler during
the decanting processes. However, the collective results from the three
repetitions when viewed simultaneously should expose said variability. Thus, if
major losses or biases did occur, they should be ubiquitous and not alter the
mathematical relationships between samples within each individual cooler.
Summary
In order to best represent the theoretical population (all melting snow
covers) under time and money constraints, nine stratified coolers (Snow/Flat,
Snow/Tilted, Ice/Tilted) were sampled for pollen concentrations vertically and
horizontally, every 5 centimeters. The meltwater was collected from each cooler,
as well, and spore concentrations quantified. The samples from each cooler are
shown in Table 4.
Table 4
List of Samples from each Stratum
Snow/Flat (SF)
-Repeated 3X

Snow/Tilted (ST)
-Repeated 3X

Ice/Tilted (IT)
-Repeated 3X

Surface

Surface

Ice

1-5cm

1-5cm

Meltwater

6-10cm

6-10cm

11-15cm

11-15cm

16-20cm

16-20cm

Meltwater

DH Surface
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Table 4 (continued).
Snow/Flat (SF)
-Repeated 3X

Snow/Tilted (ST)
-Repeated 3X

Border

DH 1-Scm

16-20cm Border

DH 6-10cm

Ice/Tilted (IT)
-Repeated 3X

DH 11-15cm
DH 16-20cm
Meltwater
Note. DH = downhill; - = no value.

The Snow/Flat (SF) coolers were used to answer Research Question 2.
Upon melting, if high spore concentrations were found in deeper layers of the
snow profile or in the meltwater, this would confirm that meltwater percolation
can in fact transport spores downward. If not, this would confirm Nakazawa and
Suzuki's (2008) finding that spores are concentrated at the melting surface. The
Snow/Tilted (ST} coolers were used to answer Research Question 3. If spore
concentrations were highest in the downhill snow column outside the study area
or in the meltwater, this would confirm that horizontal relocation due to slope also
occurred. Lastly, the Ice/Tilted (IT} coolers were used to answer Research
Question 4. Upon total melt, if all of the spores ran off the surface of the ice into
meltwater sample bottles, this would confirm that horizontal relocation occurred
upon total melt and that very few spores were actually entrained in an angled ice
surface.
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The outlined research methods, under both time and money constraints,
were the best conceivable approach to a deeper understanding of meltwater
incursion on stratified pollen records. The experiment setup closely resembled
that of a natural snow cover on top of a valley glacier with variations in snow
densities. The densest snow was located near the surface and progressively
became less dense with depth until reaching a coarse, depth hoar layer. Depth
hoar forms under natural conditions due to temperature differences with depth
caused by the insulating properties of surface snow (Zang, Osterkamp, and
Stamnes 1996). The samples were collected with consistency using
exaggerated variables (e.g., slope, melting time) to tease out the fundamental
relationship between peak spore concentrations, depth, and horizontal
movement. The 20x20cm study area provided an unmolested snow column
away from the edges of the Styrofoam cooler, which had the potential to respond
differently to the heat source. Also, when counting pollen under a light
microscope it is impractical to count every single spore within each sample; thus,
104,242 Lycopodium spores provided a sufficient number of spores per cooler to
test the research questions without making laboratory counting impossible. Twothirds of the original snow volume provided sufficient meltwater to address the
research questions, while also leaving enough of a snow profile to sample at 5cm
resolution. The 10-12 degree slope-angle was chosen to exaggerate the effects
of downhill sloping on horizontal movement. These field methods provided
consistent, accurate, reliable data for objectively analyzing the specified research
questions.
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With that said, several unresolvable issues with the sampling procedure,
namely randomness and sample size, must be discussed. Random sampling
was unachievable within the confined working space of the coolers. However,
from each depth, a random sample (1 001JI) was mounted on a microscope slide
to estimate spore concentrations, thereby, indirectly inserting some randomness
to the study. The sample sizes were also theoretically small, but pragmatically
as large as possible without being cumbersome: the Snow/ Flat strata, when
repeated three times, yielded 24 samples, the Snow/Tilted coolers yielded 33
samples, and the Ice/Tilted coolers yielded six samples, for a total of 63 samples
(Table 4). Again, due to arduous laboratory processing and counting methods,
the sample size had to be pragmatically small. It was simply neither cost nor
time effective to analyze large sample pools using contemporary pollen analysis
methods. Accordingly, results from statistical analyses are not included.
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CHAPTERV
RESULTS
Data Tables
Tables 5-7 contain all of the raw data with which the spore diagrams were
created (Figures 6-11 ).
Table 5
Snow/ Flat Stratum; Coolers 1-3 Raw Data
Sample

Spores/1001-JI

V~~~e

Concentration
~s~ores/mQ

Spore Total

%
~s~ores/dram~ Accounted

SNOW/FLAT 1
Surface

75

170

16.3

2775

6.6

1-5cm

47

300

5.8

1739

4 .2

6-10cm

14

370

1.4

518

1.2

11-15cm

18

300

2.2

666

1.6

16-20cm

319

910

13

11803

28.3

Meltwater

496

2405

7.6

18352

44.0

Border
16-20cm
Border

52

1065

1.8

1924

4.6

108

1135

3.5

3996

9.6

SNOW/FLAT 2
Surface

135

415

12

4995

12.6

1-5cm

31

420

2.7

1147

2.9

6-10cm

62

375

6.1

2294

5.8

11-15cm

81

425

7.1

2997

7.6

16-20cm

377

925

15.1

13949

35.2

Meltwater

121

845

5.3

4477

11.3

Border
16-20cm
Border

92

1510

2.3

3404

8.6

173

1415

4.5

6401

16.1
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Table 5 (continued).
Volume Concentration
~seores/mQ
~mQ
SNOW/FLAT 3

Spore Total
~seores/dram~

%
Accounted

5.3

1924

3.6

400

2.1

851

1.6

13

385

1.2

481

0.9

11-15cm

29

355

3.0

1073

2.0

16-20cm

284

625

16.8

10508

20

Meltwater

861

1895

16.8

31857

60.3

Border
16-20cm
Border

62

1610

1.4

2294

4.3

103

1040

3.7

3811

7.2

Sample

Spores/1OOfJI

Surface

52

360

1-5cm

23

6-10cm

Table 6

Snow/Tilted Stratum; Coolers 1-3 Raw Data
Volume

Concentration Spore Total

%
~seores/ml~ ~seores/dram~ Accounted
~mQ
SNOW/TILTED 1

Sample

Spores/1OOfJI

Surface

19

350

2.0

703

1.7

1-5cm

13

405

1.2

481

1.2

6-10cm

7

500

0.5

259

0.6

11-15cm

24

400

2.2

888

2.2

16-20cm

118

735

5.9

4366

10.8

DH Surface

7

575

0.5

259

0.6

DH 1-5cm

0

400

0.0

0

0.0

DH 6-10cm

2

270

0.3

74

0.2

DH 11-15cm

5

270

0.7

185

0.5

DH 16-20cm

106

240

16.3

3922

9.7

Meltwater

787

2350

12.4

29119

72.3
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Table 6 (continued).
Volume Concentration
Spore Total
~seores/ml~
~seores/dram~
~mQ
SNOW/TILTED 2

%

Sample

Spores/1001-11

Surface

15

290

1.9

555

0.8

1-5cm

18

440

1.5

666

1.0

6-10cm

3

400

0.3

111

0.2

11-15cm

42

450

3.5

1554

2.3

16-20cm
DH
Surface
DH 1-5cm
DH 610cm
DH 1115cm
DH 1620cm
Meltwater

143

625

8.5

5291

7.7

3

400

0.3

111

0.2

0

305

0.0

0

0.0

0

260

0.0

0

0.0

4

255

0.6

148

0.2

235

380

22.9

8695

12.7

1383

2910

17.6

51171

74.9

Accounted

SNOW/TILTED 3
Surface

24

335

2.7

888

1.2

1-5cm

12

445

1.0

444

0.6

6-10cm

4

400

0.4

148

0.2

11-15cm
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440

3.6

1591

2.1

16-20cm
DH
Surface
DH 1-5cm
DH 610cm
DH 1115cm
DH 1620cm
Meltwater

89

450

7.3

3293

4.4

5

490

0.4

185

0.2

1

310

0.1

37

0.04

4

280

0.5

148

0.2

4

290

0.5

148

0.2

210

480

16.2

7770

10.5

1612

3910

15.3

59644

80.3
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Table 7
Ice/Tilted Stratum; Coolers 1-3 Raw Data
Sample

Spores/1001JI

Ice
Meltwater

221
1611

Ice
Meltwater

110
1704

Ice
Meltwater

703
1452

Volume Concentration

~mQ

~s~ores/ml~

%
~s~ores/dram~ Accounted
Spore Total

ICE/TILTED 1
2.5
3245
15.1
3960
ICE/TILTED 2
1950
2.1
6195
10.2
ICE/TILTED 3
4865
5.3
4640
11.6

8177
59607

12.1
87.9

4070
63048

6.1
93.9

26011
53724

32.6
67.4
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Figure 6. Snow/ Flat spore concentration diagram. Stratum contained some
variability between coolers but still exhibits downward spore movement.
Overall, spore concentrations within the Snow/Flat stratum ranged from
1.2 to 16.8 spores/ml, exhibiting some within-group variability. The highest spore
concentration (16.8 spores/ml) occurred in cooler SF3's 16-20cm and Meltwater
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samples, respectively. The lowest concentration (1.2 spores/ml) occurred in
SF3's 6-10cm sample. In terms of ranges and averages, surface samples
ranged from 5.3 to 16.3 spores/ml (11 .2 average), mid-level samples (1-15cm)
contained 1.2 to 7.1 spores/ml (3.5 average), the bottom-most samples (1620cm) contained 13 to 16.8 spores/ml (15 average), and lastly, the meltwater
samples ranged from 5.3 to 16.8 spores/ml (9.9 average). Samples outside of
the 20x20cm study area (Border and 16-20cm Border) contained relatively low
spore concentrations (1.4-4.5 spores/ml; 2.9 average) comparable to the midlevel samples. With that said, the lower 16-20cm border snow was roughly two
times more concentrated than the upper border samples in each cooler.
Peak spore concentrations within the Snow/Flat stratum occurred at the
surface only in cooler SF1. Coolers SF2 and SF3 both peaked in the two
bottom-most samples (SF2: 16-20cm and SF3: 16-20cm and meltwater).
Again, because a known number of spores (1 04,242) were introduced to
the surface of each cooler and the objective was to document the horizontal and
vertical movement, spore percentages (of the accounted spores) provide a
meaningful look at where the majority of those spores relocated during the melt,
regardless of volume. Within the Snow/ Flat stratum, 50-62% (51 ,000-65,000) of
104,242 spores introduced to each cooler's surface were lost or unaccounted.
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Figure 7. Snow/ Flat spore percentage diagram. Spore percentages show the
majority of spores moved downward.
In terms of the accounted spores (40-53,000), 11-25% (6-1 0,000) were
found outside of the 20x20cm study area in the bordering snow (Border and 1620cm Border samples), meaning most of the spores (75-89% or 30-47,000)
stayed within the confines of the designated profile. Of the spores that were
transported horizontally, the highest percentages were found in the lower 1620cm border samples respectively (7-16% or 4-6,000 spores).
Excluding the upper border sample, only 4-13% (roughly 2-5,000 spores)
were found in the Snow/ Flat surface layers, while the remaining 79-92% (3149,000 spores) exhibited downward movement (i.e., 1-20cm, Meltwater, and 1620cm Border). Furthermore, 11-60% (4,500-32,000) of the accounted spores
were found in the meltwater samples alone and when combined with the 1620cm layers, make up 47-80% (18-42,000) of the total accounted spores. In
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other words, roughly one-half to three-quarters of the accounted spores exhibited
significant downward transfer.
Snow/Tilted Stratum

6-!0etn
11-15an .

DOWNHILL

6-lOcm
11 -15an •

16-20an
Mel-

...

~~~~~

·····················--·~------------·--········

20

20

• • • • • • • • • • • • • • • • • • • • • • •4

20

{ -- ---------:SporeCoorenlrnlions(..,..-es/mll} - - - - - - - - - - - - - -)

Figure 8. Snow/Tilted spore concentration diagram. Stratum contained minimal
variability between coolers and exhibits both downward and downhill spore
movement.
Overall, the ST coolers exhibited very little within-group variability.
Concentrations within the Snow/Tilted stratum ranged from 0-22.9 spores/mi.
Among all three coolers, the highest concentrations were found in the downhill
16-20cm layers (16.2-22.9 spores/ml) while the lowest concentrations were
located in the upper reaches of the downhill column of snow (Downhill Surface1Ocm; 0-0.5 spores/ml}. The second highest concentrations were found in the
meltwater samples (12.4-17.6 spores/ml} and third highest at the bottom of the
study area snow column (16-20cm ; 6-8.5 spores/ml). In other words, the three
most concentrated samples were found in the bottom-downhill portions and
meltwater of each cooler. Surface samples contained between 2-5.3 spores/ mi.
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Snow/Tilted Coolers 1-3
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Figure 9. Snow/Tilted spore percentage diagram. Spore percentages were
highest in the meltwater samples.

Within the Snow/Tilted stratum of coolers, 29-61% (30-64,000) of the
104,242 spores introduced to each cooler's surface were lost. As for the
accounted spores (40-74,000), the vast majority was found in the meltwater
samples (72-80% or 29-60,000 spores). Surface layers (Surface and DH
Surface) contained only 0.2-1 .7% (185-900) of the accounted spores, meaning
the remaining 98% (39,500-73,400) moved downward in some form or fashion .
Excluding the Surface-20cm profile, 83-91% (34,000-68,000) of spores exhibited
downhill or horizontal relocation during the melt. Collectively, the samples that

exhibited both downward (vertical) and downhill (horizontal) movement (Downhill
1-20cm and Meltwater) represent 82-91 % (33,000-68,000) of all accounted
spores.
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Ice/Tilted Stratum
Ice/Tilted Coolers 1·3

----------s~.poreConcentrations {spon!!lml)-----------

Figure 10. lce!Tilted spore concentration diagram. Stratum contained some
variability between coolers but still exhibits spore runoff within meltwater upon
severe melting.

Overall, the IT coolers exhibited slight within-group variability. Spore
concentrations ranged from 2.1-15.1 spores/mi. Among all three coolers, peak
spore concentrations occurred in the meltwater samples (10.2-15.1 spores/ml),
leaving the ice blocks with the lowest concentrations (2.1-5.2 spores/ml). The
average spore concentration for the IT meltwater samples was 12.3 spores/ml,
while the IT ice samples averaged 3.3 spores/mi. In other words, the meltwater
samples were almost four times as concentrated as the ice samples.
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Figure 11. lce!Tilted spore percentage diagram. Spore percentages were highest
in the meltwater samples.
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Within the lce!Tilted stratum of coolers, 24-36% (24-37 ,000) of the original
104,242 spores introduced to each surface were lost. As for the accounted
spores (67-79,000), 67-94% (53-63,000) were found in the meltwater samples
while the ice samples contained roughly 6-33% (4-26,000). IT3 varied most from
the group (Meltwater-67%; lce-33%); however, it still corroborates the general
results of IT1 and IT2.
Summary
Overall, peak spore concentrations occurred at the surface in only one of
nine coolers (SF1 ). In the other eight coolers, peak concentrations were found in
either the bottom-most snow layers (16-20cm) or meltwater runoff, respectively.
As for the accounted spore percentages, by far the vast majority of Lycopodium
spores introduced at the surface made their way downward (and downhill for ST
coolers) into the 16-20cm snow layers and meltwater samples during each melt.
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CHAPTER VI
DISCUSSION AND CONCLUSIONS
Discussion
The cryopalynological community has been operating for years under the
assumption that post-depositional meltwater incursion has very little impact on
pollen stratigraphy (Ambach, Bortenschlager, and Eisner 1966; Nakazawa and
Suzuki 2008; Nakazawa et al. 2012). The prevailing viewpoint is that pollen
grains are concentrated at the melting surface (Nakazawa and Suzuki 2008;
Nakazawa et al. 2012). In other words, the melting surface picks up grains from
below as it diminishes, thereby decreasing the relative proportion of pollen to
water volume and, thus, increasing surface concentrations. Based on the
reviewed literature, this notion was mainly deduced through tangential
observations such as seasonal banding within the snowpack or the presence of
summer ice layers rather than direct testing (e.g., Vareschi 1935; Ambach,
Bortenschlager, and Eisner 1966; Nakazawa et al. 2012). Contrary to chemical
and isotopic records that are highly susceptible to degradation from meltwater,
pollen's unique stratigraphic preservation has been attributed by some authors
(i.e., Nakazawa et al. 2004, 1-2; Nakazawa et al. 2012) to grain size with very
little evidence to substantiate that claim .
To date, this is the first experiment to directly investigate the effects of
meltwater percolation on stratified pollen records in both vertical and horizontal
dimensions while simultaneously capturing and quantifying spore concentrations
in meltwater runoff. Given that Lycopodium spores were introduced only on the
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surface of each cooler inside a well-defined 20x20cm study area, the discovery
of spores in lower layers at all must be attributed to vertical spore transport from
meltwater percolation. Furthermore, any spores found downhill of the study area
must be a product of horizontal transport due to slope angle. Overall, results
from this melting experiment strongly suggest significant vertical and horizontal
spore relocation due to meltwater percolation with a slight variability among the
Snow/Flat and Ice/Tilted coolers (Figures 6-11 ).
Snow/Flat Stratum
All three coolers within the Snow/Flat stratum exhibited significant
downward transfer with some variability among coolers. Although SF1 's peak
spore concentration occurred at the surface, the lower layers (1-20cm) and
meltwater contained 95% of accounted spores introduced at the surface. This
anomalous surface peak is most likely due to the sample's low volume (170ml).
For example, SF2's surface sample actually contained more spores (4,995) than
SF1 's surface (2775), but was suspended in over two times the volume (415ml)
and, thus, was less concentrated. This general concept is the reason both spore
concentrations and accounted percentages are reported, a unique luxury only
possible because the number of introduced spores was known .
A potential culprit for the variability in the meltwater and the 16-20cm
samples could be the drain hole through which meltwater was supposed to flow.
Freezing that occurred during each melt around the drain hole was knocked
loose whenever visible to ensure unimpeded drainage. With that said, pooling in
the 16-20cm layers may have occurred from such drain-hole blockages,

58
potentially diluting the meltwater samples and concentrating the 16-20cm border
snow samples. For example, SF2 contained the lowest spore concentration in
the meltwater of the three coolers (5 spores/ml or 11 %), the second highest
concentration of the 16-20cm layers (15.1 spores/ml or 35%), and the highest
concentration of the 16-20cm border samples (4.5 spores/ml or 16%). In other
words, a number of spores might have begun to move laterally at the bottom of
the cooler instead of through the drain hole and into the meltwater collection
bottle. If the drain holes were more adequately sized, it is possible more spores
would have been drained out of the cooler with the meltwater. This might have
happened in all three Snow/Flat coolers, accounting for the majority of the spores
that wandered beyond the designated bounds of the study area.
Regardless of this possibility, a composite look at all three SF coolers
strongly suggests vertical spore transport and not concentration at the surface as
observed by Nakazawa and Suzuki (2008). This means that seasonal or intraannual resolution may be impossible to achieve on glaciers that experience
significant melting. Furthermore, partially melted profiles may also contain
stratigraphic breaks or contamination in the pollen signal from the above layers.
Snow/Tilted Stratum
All three coolers within the Snow/Tilted stratum were remarkably
consistent, showing significant downward and downhill spore transport due to
meltwater percolation. Although the downhill 16-20cm samples contained the
concentration peaks across the board, the meltwater samples contained the
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highest proportion of introduced spores. These findings imply that spore (pollen)
loss due to meltwater runoff may be exacerbated by slope.
In physical terms, the downward forces acting upon an individual pollen
grain suspended in the snow and/or firn zones include gravity and water
pressure. With slope, the uphill column of snow (under natural conditions) is
thicker than the downhill column of snow, which creates a pressure gradient.
Unless frictional and/or buoyancy forces are great enough to counterbalance the
forces produced by gravity and meltwater, the net trend will be for that grain to
move downward and downhill. Consequently, glacial surface topography is an
extremely important consideration in surface and upper profile (firn) studies. It is
possible that downhill, concave undulations or surface pools collect uphill pollen
as the surface-snow melts and washes pollen onto lower sections of the glacier.
Theoretically, these concave pools may contain increased pollen concentrations
conducive to cryopalynological studies. However, these signals would be
composed of transported/mixed pollen from different times/seasons/years, wh ich
might lead to blurry, misleading results. On the other hand, ridges or convex
surface features may promote enhanced downhill transport and, thus, contain
less pollen; however, the chances of it being mixed/distorted would be less likely.
Therefore, seasonal/annual resolution might only be possible in these areas.
Similarly, the topography of the valley floor should be considered before drilling
for deeper core analyses.
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Ice/Tilted Stratum

Overall, the Ice/Tilted coolers exhibited major spore loss due to meltwater
runoff. The idea of pollen being flushed off the ice surface during extreme
melting was first proposed by Dr. Godwin in 1949 but has since remained
untested. In 2008, Nakazawa and Suzuki also noted a stark decrease in peak
pollen concentrations immediately prior to total surface melting but never
collected the meltwater runoff to see if it contained pollen. These findings
corroborate Dr. Godwin's reservations and help explain the drop-off in pollen
concentrations documented by Nakazawa and Suzuki (2008).
As previously mentioned , current cryopalynological research on McCall
Glacier in the Romanzof Mountains (Brooks Range) of northeast Alaska has
revealed a large disparity between the amount of pollen that reaches the glacier
surface, the amount that is in the snow and firn layers, and lastly, the amount that
becomes entrained in the glacial ice itself. Pollen concentrations are generally
highest (up to 26,000 grains/liter) above the surface (airborne pollen in trap
samples), second highest in the snow and firn layers (up to 15,000 grains/liter),
and lowest in the ice core (up to 3,500 grains/liter). Furthermore, pollen
concentrations diminish down-core (depth decay), potentially due to increased
exposure of older ice to meltwater events rather than distance decay as
observed on ice caps in northern Canada, Greenland, and Russia (e.g., Fredskild
and Wagner 1974; McAndrews 1984; Bourgeois 1986; Gajewski, Garneau, and
Bourgeois 1995; Andreev et al. 1997). Deeper ice layers that are at their
pressure melting point can produce influxes of meltwater within the glacier that
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may transport pollen. Another logical culprit could be laminar flow as the glacial
ice is compressed, giving the appearance of loss. Regardless, the genesis of
th is project was to investigate if some of these discrepancies could be explained
by pollen transport via meltwater percolation/ runoff. The results suggest that
pollen may be lost due to meltwater percolation and eventual runoff during
extreme melting.

Loss and Variability
The high rate of loss (24-62%} was most likely due to a combination of
several factors, such as residual spores sticking to the mortar and pestle, wind
loss, loss during the snow transfer into Nalgene bottles, loss during chem ical
processing (e.g. , container transfers and decanting), and lastly, poorly mixed ,
non-homogeneous 1OOJ..tl samples within each dram of spores suspended in
silicone oil. With that said, the minimal variability of the results between coolers
within the same stratum is an indication of good sampling and processing
techniques. As previously mentioned, the novel approach to calculating spore
concentrations and percentages at each individual depth was a potential source
of error because loss during chemical processing (i.e., container transfers,
decanting) was heretofore unaccounted . However, it is very unlikely preferential
biases due to losses at individual depths could be repeated for three repetitions ,
thus making the conclusions drawn from these results much more reliable.
Conclusions
The results of this experiment clearly indicate that meltwater is capable of
transporting pollen from the surface, downward . Lycopodium grains are similar
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in size (25-40J.im} to many pollen types found in glacial ice and exhibited
significant transport during this experiment. Contrary to Nakazawa and Suzuki's
findings (2008), pollen may not necessarily concentrate at the melting surface but
instead can be transported downward/downhill and even be lost completely
within meltwater runoff.
Slope angle also appears to aid in the downhill or horizontal transfer of
pollen and, upon severe melting, may wash away the pollen signal completely
with the meltwater runoff. These phenomena collectively have the potential to
contaminate seasonal pollen stratigraphies in snow and firn zones and,
ultimately, in glacial ice.
Godwin's (1949) ideas regarding horizontal pollen relocation at the surface
are corroborated by these findings and may also help explain the sharp
decreases in pollen concentrations witnessed by Nakazawa and Suzuki (2008)
during their study in Japan. Likewise, the abundance of pollen in the surface
snow and firn zones relative to the dearth of pollen in the glacial ice of McCall
Glacier is most likely a direct result of pollen loss due meltwater runoff.
Ice and snow records that have not been subjected to significant
meltwater percolation may contain accurate seasonal pollen stratigraphy;
however, the presumed seasonality observed in the surface snow, firn , and ice of
temperate valley glaciers (Nakazawa et al. 2004; 2005; 2011; 2012; Uetake et al.
2007) may simply be a product of meltwater transfer and subsequent deposition
rather than a representation of the local or regional phenology. Therefore, using
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these pollen bands for high-resolution analyses is irresponsible without full
consideration of the effects of meltwater percolation.
There are several factors that could contribute to the appearance of
seasonality in snow, firn, and ice layers. In terms of frictional resistance,
meltwater could preferentially transport pollen types based on differences in
morphological features (e.g., psilate vs. echinate; 20-30!-lm vs. 80-90!-lm). For
example, it is reasonable to assume that Ambrosia spp. grains would supply
greater frictional resistance than Alnus spp. grains. Similarly, grains that are
more buoyant (e.g., Pinaceae) could exhibit more resistance to the downward
forces produced by water pressure and gravity. More work must be done on
these matters to fully understand their influences on pollen stratigraphy in ice and
snow.
These conclusions do not necessarily mean that cryopalynological studies
on temperate ice are futile, but rather that pollen layers in snow, firn , and ice that
receive meltwater inputs from above, must be interpreted cautiously.
Accordingly, intra-annual resolution may be impossible to achieve.
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